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Abstract 

A model for total cross sections with virtual photons is presented. In par- 
ticular 7*p and 7*7* cross sections are considered. Our approach extends 
on a model for photoproduction, where the total cross section is subdivided 
into three distinct event classes: direct, VMD and anomalous. With in- 
creasing photon virtuality, the latter two decrease in importance. Instead 
Deep Inelastic Scattering dominates, with the direct class being the 0(a s ) 
correction thereof. Hence, the model provides a smooth transition between 
the two regions. By the breakdown into different event classes, one may 
aim for a complete picture of all event properties. 



*To appear in the Proceedings of the International Conference on the Structure and Interactions of 
the Photon; Photon 2000, 26th-31st August 2000, Ambleside, England. 



Introduction 



In this section we summarize the model presented in [0], It starts from the model for 
real photons in but further develops this model and extends it also to encompass the 
physics of virtual photons. The physics has been implemented in the Pythia generator 
H], so that complete events can be studied under realistic conditions. 

Photon interactions are complicated since the photon wave function contains so many 
components, each with its own interactions. To first approximation, it may be subdivided 
into a direct and a resolved part. (In higher orders, the two parts can mix, so one has to 
provide sensible physical separations between the two.) In the former the photon acts as a 
pointlike particle, while in the latter it fluctuates into hadronic states. These fluctuations 
are of 0(a em ), and so correspond to a small fraction of the photon wave function, but 
this is compensated by the bigger cross sections allowed in strong-interaction processes. 
For real photons therefore the resolved processes dominate the total cross section, while 
the pointlike ones take over for virtual photons. 

A Model for Photon Interactions 

The fluctuations 7 —>■ qq (— > 7) can be characterized by the transverse momentum k± 
of the quarks, or alternatively by some mass scale m ~ 2fcj_, with a spectrum of fluctu- 
ations oc dk\/k 2 ± . The low-/cj_ part cannot be calculated perturbatively, but is instead 
parameterized by experimentally determined couplings to the lowest-lying vector mesons, 
V = p°, uj°, 0° and J/ip, an ansatz called VMD for Vector Meson Dominance. Parton 
distributions are defined with a unit momentum sum rule within a fluctuation |J, giving 
rise to total hadronic cross sections, jet activity, multiple interactions and beam remnants 
as in hadronic interactions. In interactions with a hadron or another resolved photon, jet 
production occurs by typical parton-scattering processes such as qq' — > qq' or gg — > gg. 

States at larger k± are called GVMD or Generalized VMD, and their contributions 
to the parton distribution of the photon are called anomalous. Given a dividing line 
k ~ 0.5 GeV to VMD states, the anomalous parton distributions are perturbatively 
calculable. The total cross section of a state is not, however, since this involves aspects of 
soft physics and eikonalization of jet rates. Therefore an ansatz is chosen where the total 
cross section of a state scales like k v /kj_, where the adjustable parameter ky ~ m p /2 for 
light quarks. The spectrum of GVMD states is taken to extend over a range k < k± < k±, 
where k\ is identified with the p_i_ m in(s) cut-off of the perturbative jet spectrum in hadronic 
interactions, p±min(s) ~ 1.5 GeV at typical energies |§]. Above that range, the states are 
assumed to be sufficiently weakly interacting that no eikonalization procedure is required, 
so that cross sections can be calculated perturbatively without any recourse to Pomeron 
phenomenology. There is some arbitrariness in that choice, and some simplifications are 
required in order to obtain a manageable description. 

A real direct photon in a 7p collision can interact with the parton content of the 
proton: 7q — > qg (QCD Compton) and 7g — * qq (Boson Gluon Fusion). The p± in this 
collision is taken to exceed k±, in order to avoid double- counting with the interactions 
of the GVMD states. In 77, the equivalent situation is called single-resolved, where a 
direct photon interacts with the partonic component of the other, resolved photon. The 
77 direct process 77 — ► qq has no correspondence in 7p. 

As an illustration of this scenario, the phase space of 7p events is shown in Fig. |l|a-b. 
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(a) (b) (c) (d) 

Figure 1: (a) Schematic graph for a hard 7p process, illustrating the concept of two 
different scales, (b) The allowed phase space for this process, with one subdivision 
into event classes, (c) Schematic graph for a hard 7*p process, illustrating the 
concept of three different scales, (d) Event classification in the large-Q 2 limit. 

(A corresponding plot can be made for 77, but then requires three dimensions.) Two 
transverse momentum scales are introduced, namely the photon resolution scale k± and 
the hard interaction scale p±. Here k± is a measure of the virtuality of a fluctuation of the 
photon and p± corresponds to the most virtual rung of the ladder, possibly apart from k±. 
As we have discussed above, the \ow-k± region corresponds to VMD and GVMD states 
that encompasses both perturbative high-pj_ and non-perturbative low-pj_ interactions. 
Above k\, the region is split along the line k± = p±. When p±_ > k± the photon is resolved 
by the hard interaction, as described by the anomalous part of the photon distribution 
function. This is as in the GVMD sector, except that we should (probably) not worry 
about multiple parton-parton interactions. In the complementary region k± > p±, the 
p± scale is just part of the traditional evolution of the proton PDF's up to the scale of 
k±, and thus there is no need to introduce an internal structure of the photon. One could 
imagine the direct class of events as extending below k\ and there being the low-p^ part 
of the GVMD class, only appearing when a hard interaction at a larger p± scale would 
not preempt it. This possibility is implicit in the standard cross section framework. 

If the photon is virtual, it has a reduced probability to fluctuate into a vector meson 
state, and this state has a reduced interaction probability. This can be modeled by a 
traditional dipole factor (m v / (my + Q 2 )) 2 for a photon of virtuality Q 2 , where my —>■ 2k± 
for a GVMD state. Putting it all together, the cross section of the GVMD sector then 
scales like 

f k Ukjk 2 y ( 4kj \ 2 

hi k 2 ± k\ W ± + Q 2 J ■ 1 } 

For a virtual photon the DIS process 7*q — > q is also possible, but by gauge invariance 
its cross section must vanish in the limit Q 2 — > 0. At large Q 2 , the direct processes can 
be considered as the 0(a s ) correction to the lowest-order DIS process, but the direct 
ones survive for Q 2 -> 0. There is no unique prescription for a proper combination at 
all Q 2 , but we have attempted an approach that gives the proper limits and minimizes 
doublecounting. For large Q 2 , the DIS 7*p cross section is proportional to the structure 
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function F 2 (x, Q 2 ) with the Bjorken x = Q 2 / (Q 2 + W 2 ). Since normal parton distribution 
parameterizations are frozen below some Qq scale and therefore do not obey the gauge 
invariance condition, an ad hoc factor {Q 2 /{Q 2 + m 2 )) 2 is introduced for the conversion 

from the parameterized F 2 (x, Q 2 ) to a cr 7 ''• 



Dis- 



,7 P 
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Here m p is some non-perturbative hadronic mass parameter, for simplicity identified with 
the p mass. 

In order to avoid double- counting between DIS and direct events, a requirement p± > 
max(ki, Q) is imposed on direct events. In the remaining DIS ones, denoted lowest order 
(LO) DIS, thus p± < Q. This would suggest a subdivision dLODis = °dis — ^direct' with 
°dis gi ven by ec L- (@) an d Cdirect by the perturbative matrix elements. In the limit Q 2 — > 0, 
the DIS cross section is now constructed to vanish while the direct is not, so this would 
suggest 0"l O p dis < 0. However, here we expect the correct answer not to be a negative 
number but an exponentially suppressed one, by a Sudakov form factor. This modifies 
the cross section: 
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Since we here are in a region where the DIS cross section is no longer the dominant one, 
this change of the total DIS cross section is not essential. 

The overall picture, from a DIS perspective, is illustrated in Fig. |Tjc-d, now with 
three scales to be kept track of. The traditional DIS region is the strongly ordered one, 
Q 2 3> k\ 3> p 2 ^, where DGLAP-style evolution |J is responsible for the event structure. 
As always, ideology wants strong ordering, while the actual classification is based on 
ordinary ordering Q 2 > k\ > p\. The region k\ > max(Q 2 ,p^_) is also DIS, but of the 
0(a s ) direct kind. The region where k± is the smallest scale corresponds to non-ordered 
emissions, that then go beyond DGLAP validity, while the region p\ > k\ > Q 2 cover the 
interactions of a resolved virtual photon. Comparing Figs. [l]b and |l]d, we conclude that 
the whole region p± > k± involves no doublecounting, since we have made no attempt 
at a non-DGLAP DIS description but can choose to cover this region entirely by the 
VMD/GVMD descriptions. Actually, it is only in the corner p± < k± < min(ki,Q) 
that an overlap can occur between the resolved and the DIS descriptions. Some further 
considerations show that usually either of the two is strongly suppressed in this region, 
except in the range of intermediate Q 2 and rather small W 2 . Typically, this is the region 
where x ~ Q 2 / (Q 2 + W 2 ) is not close to zero, and where F 2 is dominated by the valence- 
quark contribution. The latter behaves roughly oc (1 — x) n , with an n of the order of 3 
or 4. Therefore we will introduce a corresponding damping factor to the VMD/GVMD 
terms. 

In total, we have now arrived at our ansatz for all Q 2 : 

= 41 exp f -^g?) + ^ct + (32^2) (4 P d + 4md) , (4) 

with four main components. Most of these in their turn have a complicated internal 
structure, as we have seen. The 7*7* collision between two inequivalent photons contains 



3 



13 components: four when the VMD and GVMD states interact with each other (double- 
resolved), eight with a LO DIS or direct photon interaction on a VMD or GVMD state 
on either side (single-resolved, including the traditional DIS), and one where two direct 
photons interact by the process 7*7* — > qq (direct, not to be confused with the direct 
process of 7*p). 

An important note is that the Q 2 dependence of the DIS and direct processes is 
implemented in the matrix element expressions, i.e. in processes such as 7*7* — > qq or 
7*q — > qg the photon virtuality explicitly enters. This is different from VMD/GVMD, 
where dipole factors are used to reduce the assumed flux of partons inside a virtual 
photon relative to those of a real one, but the matrix elements themselves contain no 
dependence on the virtuality either of the partons or of the photon itself. Typically 
results are obtained with the SaS ID PDF's for the virtual (transverse) photons [H, since 
these are well matched to our framework, e.g. allowing a separation of the VMD and 
G VMD/anomalous components. 



Results 

So far, nothing has been said about <tl, except that gauge invariance dictates its vanishing 
in the limit Q 2 0. However, we will assume that quite a similar decomposition can 
be made of longitudinal photon interactions as was done for the transverse one. To first 
approximation, this again means a separation into direct and resolved photons. In direct 
processes, the nature of the photon is explicitly included in the perturbative cross section 
formulae. Thus, for 7*q — > qg and 7*g — > qq, the differential cross sections dor/dt 
and da-^/dt are separately available J/J. The latter is proportional to Q 2 and thus nicely 
vanishes in the limit Q 2 — > 0. Similarly the 7*7* — > qq process gives four separate cross 
section formulae, d<r tt,tl,lt,ll / dt |§. The DIS, non-direct part currently contains no 
explicit description of a longitudinal probing photon, only of a probed one. However, to 
the extent that PDF's are extracted from F 2 oc <tt + <t l data, effects may be implicitly 
included. Furthermore, perturbative calculations || predict ctl <^ cr T in the large-Q 2 
region, where this process dominates. 

In |TJ, [TTJ a few simple Q 2 -dependent multiplicative expressions have been studied 
to encompass the effects of resolved longitudinal photons. The two alternative factors 

/ 2 r\2\ 2myQ 2 2 /n 2\ /K\ 

n{m v ,Q )= r 2 (m v , Q ) = 5 

(my + Q l Y (m v + Q 2 ) 

relative to the resolved transverse cross section are used for the resolved longitudinal con- 
tributions in Fig. H], assuming a relation my ~ 2k± for GVMD states. The differences 
between the factors show some of the uncertainty in the modeling of resolved longitu- 
dinal photons. However, it is possible to obtain a reasonable description of all the data 
in both 7*p and 7*7 with the same set of parameters (mainly constrained from 7p) . 

More sophisticated tests of the model can be made by studying event shapes and we 
look forward to detailed studies by the experimental community, based on the code we 
now provide in the Pythia event generator M. 
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Figure 2: Total cross sections as a function of the invariant mass of the collision. 
References to the experimental measurements can be found in ref. 0. 
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